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*Abstract

Abstract

OX40 is a type 1 transmembrane glycoprotein, reported nearly 30
years ago as a cell surface antigen expressed on activated T cells. Since its
discovery, it has been validated as a bone fide costimulatory molecule for T
cells and member of the TNF receptor family. However, many questions still
remain relating to its function on different T cell sub-sets and with recent
interest in its utility as a target for antibody-mediated immunotherapy, there
is a growing need to gain a better understanding of its biology.

Here, we review the expression pattern of OX40 and its ligand, discuss
the structure of the receptor:ligand interaction, the downstream signalling it
can elicit, its function on different T cell subsets and how antibodies might

engage with it to provide effective immunotherapy.



*Highlights

Highlights:

e The OX40:0X40L interaction is a key regulator of T cell responses
e OX40L is part of divergent class of TNF superfamily ligands
» OX40 signalling can promote Teffector proliferation as well as inhibit Treg

function
e Potential immunotherapeutic target for cancer, inflammatory and

autoimmune diseases

e Further understanding of context dependent function will improve clinical

outcomes



Abbreviations:

ADCC - Antibody-dependent cellular cytotoxicity
APCs - Antigen Presenting Cells

CDC - Complement-dependent cytotoxicity
CRD - Cysteine rich domain

CTL - Cytotoxic T lymphocyte

DP - Double positive thymocytes

FcyR - Fc gamma receptor

iTreg - induced Treg

KO - Knock-out

mAb - monoclonal antibody

MHC - Major histocompatibility complex

NK - Natural killer cells

NKT - Natural killer T cells

nTreg - natural Treg

SP - Single positive thymocytes

TCR - T cell receptor

TLRs - Toll-like receptors

TNFRSF - Tumour necrosis factor receptor superfamily
TNFSF - Tumour necrosis factor superfamily
TRAF - TNF receptor associated factor
Tregs - Regulatory T cells

WT - Wild-type



0X40 expression; When, where, how?

The T cell co-stimulatory receptor, OX40 (CD134), and its
interacting ligand OX40L (CD252) are members of the tumour necrosis
factor receptors/tumour necrosis factor superfamily (TNFRSF/TNFSF)
involved in potentiating T cell responses triggered through the T cell
receptor (TCR). Other members of this superfamily include 4-1BB,
CD40 and GITR [1, 2]. A key means of co-ordinating signalling
through OX40 is by controlling expression of both the receptor and
ligand. Both mouse (m) and human (h) OX40 are expressed primarily
on activated T cells, including CD4, CD8, T helper cell subtypes; Thl,
Th2 and Th17, as well as CD4+ Foxp3+ regulatory T cells (Tregs)
(reviewed in [3-5]). OX40 is also expressed to a lesser extent on
neutrophils, natural killer cells (NK) and natural killer T cells (NKTs) [6-
8]. Unlike other co-stimulatory receptors, such as CD28 and CD27,
0X40 is not expressed on naive T cells; however antigen (Ag)
stimulation and subsequent signalling through the TCR results in
0OX40 expression that peaks between 12h and 5-6 days post Ag
stimulation [9-12]. The kinetics of receptor expression are determined
by a number of factors including; T cell subset, persistence of antigen
as well as immunogenicity, inflammatory environment i.e cytokine
milieu, as well as the presence of other co-stimulation [11]. Studies
have shown that CD28-B7.1/2 interactions sustain the expression of
0X40 on the surface of T cells [10, 11], allowing increased survival and
proliferation due to prolonged OX40 signalling. However, CD28
stimulation is not involved in the re-expression of OX40 on effector
cells [10, 13], perhaps because these cells are already sensitized to
TCR stimulation.

Like OX40, human and mouse OX40L is only induced after
stimulation - in this case through signals such as CD40-CD40L
interactions, Toll-like receptors (TLRs) and inflammatory cytokines
such as thymic stromal lyphoprotein (TSLP) [14, 15]. OX40L has been
detected on the surface of antigen presenting cells (APCs) 1-3 days

after antigen encounter [16]. It was thought previously that OX40L



expression was limited to professional APCs such as activated B-cells,
dendritic cells and macrophages, however studies have revealed that it
is also expressed on NK and mast cells [17-21] as well as structural
cells such as smooth muscle cells and vascular endothelial cells in the
presence of inflammatory cytokines [22, 23]. These findings illustrate
how the OX40-0OX40L interaction is not confined to specific tissues or
organs but that its effects have the potential to be widespread
throughout the body.

Structural analysis of the 0X40:0X40L interaction:

Insight into the structural basis of the OX40-0OX40L interaction
was gained by solving the crystal structure of hOX40 in complex with
both murine and human ligand [24], deposited within the protein data
bank (PDB) as 2HEY and 2HEV, respectively. OX40 is a type 1
transmembrane glycoprotein composed of ~275 amino acids
dependent on species (human-accession number: NP_003318.1,
murine-accession number: CAA59476.1 and rat- accession number:
P15725.1). OX40 has an apparent molecular weight of 50kDa, owing to
N-linked glycosylation of the 30kDa polypeptide chain [25, 26] at
positions N146 and N160. Solving the crystal structure of hOX40 (277
amino acids) in complex with both murine and human ligand nearly 20
years after its initial discovery allowed for a more in-depth
understanding of this interaction and highlighted some key differences
in this receptor-ligand interface which are not seen in other TNF family
members such as TNFR/LT [27] and DR5-Apo2L/TRAIL[28, 29].

The crystal structure of hOX40 shows that the receptor
conforms to a relatively conventional multi-domain TNFR structure
consisting of an extracellular ligand binding domain formed of 4
cysteine rich domain (CRD) repeats. CRD’s 1 and 2 clearly possess Al-
B2 modules. However, our interpretation of the module formation of
the 3 and 4" CRD is different than that proposed in the original
structural paper. Sequence alignment with a typical A1-B2 module
indicates that the 3 CRD is truncated and possesses just an Al



module, with the 4" CRD possessing an A1-B1 module, rather than a
full 3 module and truncated 4™ module as originally proposed. [24,
30, 31] (Figure 1A). OX40 CRD1 and 2 are relatively conserved with
respect to other TNFRSF members and form a rigid unit equivalent to
the structures seen in other TNFRs, such as TNFR1 (structural
similarities reviewed in [32]). In contrast, there is more rotational
freedom seen between CRD3 and CRD4 that is not seen in TNFR1,
highlighting the structural diversity in this family of receptors (Figure
1B).

Both murine and human OX40L reveal substantial differences
compared to other TNFSF ligands [24]. OX40L only possesses 15%
sequence identity in relation to other TNF family members [33] and
only 40% sequence identity between the mouse and human ligands; far
less than other TNFSF orthologs. Nonetheless, the same structural
features are maintained. However, upon trimerisation with its receptor,
key structural differences are seen in comparison to other TNFSF
members which are highlighted in the crystal structure; these include
the angle between the trimer axis and each monomer being ~15°
wider than conventional TNFSF members and the trimer interface
being smaller (Figure 1C). These distinctive sequence and structural
differences make it clear why both murine and human OX40L are
described in the divergent category of TNFSF as opposed to the
conventional or EF-disulfide-containing categories [24, 30].

Two amino acids, F180 and N166, are conserved between
murine and human OX40L and make similar contributions to receptor
binding [24]. Mutational analysis identified the importance of these
residues and revealed that unlike other TNFSF members, OX40L makes
contact with the receptor over at least 2 areas and not just one ‘hot
spot’ [24] (Figure 1D). This finding agrees with the crystal structure
data detailed above; a wider angle between each monomer and the
trimer axis suggests a greater potential for the ligand to make

multiple contacts with the receptor.



The solved hOX40-hOX40L complex [24] is 80A long, which
along with the linker region connecting the extracellular domain to the
transmembrane domain, which is 40 amino acids in length, indicates
that the complex can connect cells which are 100-150A apart; a
common distance seen between other receptor ligand interactions
such as the CD2-CD48 adhesion complex (134 A) [34]. A similar
spanning distance is predicted for the TCR-major histocompatibility
complex (MHC)-peptide complex and in line with the kinetic
segregation model [35] indicates that these co-receptor molecules are
the appropriate size to enter the ‘close contact zones’, created
between cells via ligand:receptor interactions, excluding bulky
glycocalyx elements resulting in increased half-life of phosphorylated
species [36]. This finding suggests that hOX40-hOX40L interactions
facilitate direct cell-cell communication and hence provides evidence
that this contact is responsible for the functional effects seen in in
vitro and in vivo.

In recent years, alongside many other T cell regulatory
receptors, OX40 has become a target for immunotherapy using
monoclonal antibodies (mAb) [37, 38]. One potential mode of action
for these reagents is by mimicking ligand and eliciting agonistic
receptor signalling to promote T cell activation, for example in the
presence of immunosuppressive cancers. There are several ways to
activate the OX40 pathway (Figure 2A) and many questions remain
relating to how OX40L and anti-OX40 mAbs may modulate this. For
instance, whether OX40 can signal effectively solely through bivalent
antibody stimulation and if so does this result in a full signal
transduction downstream of the receptor (Figure 2Ai)? Studies with
hOX40L suggest that higher order oligomerisation is required for
effective signalling to be induced and thus merely bivalent mAb
stimulation of OX40 is unlikely to be optimal or even effective [39].
Given the multi-domain structure of OX40, and known contact points
of the ligand (Figure 1D), certain anti-OX40 mAbs are likely to be

capable of binding to the receptor in the presence of the ligand.



However, it is not yet clear how concurrent ligand and mAb binding
would effect signalling, if OX40L binding is a prerequisite for
signalling or indeed if mAb binding alone in some circumstances/at
certain epitopes is sufficient for full signalling (Figure 2Aii and iii)?
Also, how do Fc gamma receptors (FcyR) modulate antibody induced
OX40 signalling (Figure 2Aiv)? Lastly, in addition to agonists, it is clear
that antagonistic mAbs, which can block OX40 signalling may also
have virtue in immunotherapy - for example to block hyperactive T cell
pathologies [40]. What affords agonistic or antagonistic mAbs their
opposing activities is not yet clear. Further insight from structural
analysis of antibody receptor interactions and binding epitopes as well
as more detailed examination of downstream signalling will be
important for understanding the requirements necessary to elicit the

optimal downstream effects of OX40-OX40L interactions.

Signalling through 0X40:

A number of signalling pathways have been identified
downstream of OX40-0X40L interactions including those mediated by
PI3K/PKB, NF-xB and NFAT that account for the reported functional
consequences of T cell division, survival and cytokine production
(Figure 2B) [41, 42]. Nonetheless, delineation of signalling directly
downstream of OX40 is limited as the majority of studies have been
done in conjunction with TCR signalling (because naive T cells do not
express OX40 until they have been activated through the TCR) and
have thus principally showed how OX40 can augment signalling
downstream of TCR - MHC/peptide interactions.

The cytoplasmic tail of OX40 contains a QEE motif characteristic
of many TNFR family members that allows binding to TNFR-associated
factors (TRAFs) [42, 43]. Formation of trimeric receptor:ligand
complexes clusters the cytoplasmic domain of OX40, creating docking
sites for TRAF adaptor proteins, linking receptor activation to various
signalling pathways. Co-immunoprecipitation studies in mammalian

cells have shown that the QEE motif in the cytoplasmic domain of



h/mOX40 is able to recruit TRAF 2, 3 and 5 [43]. Furthermore, deletion
mutants showed that the GGSFRTPI sequence immediately upstream of
the QEE motif in humans is required for association of TRAFs 1,2,3 and
5 [44]. It was additionally shown that TRAF 2 and 5 were able to
activate the NF-«B signalling pathway whereas TRAF 3 was likely to
have an inhibitory effect [44]. TRAF 2, 3 and 5 were shown to be able
to directly interact with the inhibitor of NF-xB a-subunit (Ix-Ba), IxB
kinase complex catalytic subunit IKKB and NF-«B inducing kinase (NIK)
demonstrating that OX40 can regulate both the canonical (NF-xB1)
and non-canonical (NF-kB2) signalling pathways [4, 44, 45]. Likely
through its regulation of the NF-«B pathways, OX40 activation has
been shown to increase the expression of a number of anti-apoptotic
proteins including Bcl-2, Bcl-xL and Bfl-1 (A1) causing suppression of
apoptosis and enhanced cell survival [11].

As mentioned above, OX40 activation and its consequent
downstream signalling has also been shown to augment the signalling
downstream of the TCR, mainly through effects on the PI3-K/PKB
pathway. Song et al. demonstrated that activation of PKB was not
sustained in OX40 knock-out (KO) T cells with these cells
subsequently undergoing extensive cell death post activation
suggesting that OX40 is central to T cell longevity through combined
effects on PKB from the TCR and OX40 after antigen encounter [46].
Furthermore, synergy between TCR and OX40 signalling increases the
expression of survivin and Aurora B kinase through sustained PKB
activation [47, 48]. These two proteins function together to promote
the activity of cyclin dependent kinases allowing for G1 to S phase
progression in the cell cycle and maintenance of mitosis in T cells [47,
48]. Additionally, OX40 ligation in conjunction with TCR signalling can
increase calcium influx and enhance NFAT activation. This pathway is
involved in the production of cytokines such as IL-2, IL-4, IL-5 and
IFN-y [49]. Thus, signalling downstream of OX40 has the potential to
augment proliferation, suppress apoptosis and induce greater cytokine

responses from T cells; all of which are functional outcomes that



agonist OX40 antibodies have the capacity to elicit when being used as

forms of immunotherapy.

Function of OX40:

The most recognised function of OX40 is to enhance
proliferation and survival of CD4 and CD8 T cells through the
pathways described above. These activities were first shown in vitro
whereby addition of OX40L or agonistic anti-OX40 mAb resulted in
proliferation of CD4 T cells [33, 50, 51]. The development of more
sophisticated in vitro systems alongside the generation of 0X40 and
OX40L KO animals, plus the use of agonist and blocking antibodies in
vivo revealed the full spectrum of effects induced by engaging 0X40.
For example, it is now well established that OX40 interaction with
ligand enhances sustained proliferation and optimal clonal expansion
of CD4 T cells in primary and secondary response to antigen; as well
as promoting effective memory generation [9, 10, 15, 52, 53]. OX40
has also been shown to have effects on cytokine production, which
depending on context can lead to differentiation of CD4 T cells into
either Thl or Th2 subsets whilst also demonstrating a role in IL-17
production and regulating Th17-mediated diseases [4, 14, 54, 55].
The engagement of OX40L with OX40 on naive CD4 T cells (after its
TCR-mediated upregulation) preferentially leads to the differentiation
of Th2 cells as a result of autocrine IL-4 production [14, 49, 56].
However, the presence of IL-12 or Type | interferons can override this
divergence and lead to Th1 differentiation [14, 57, 58]. It has also
been demonstrated in a mouse model of asthma that the absence of
0OX40 results in an impaired Th1 response but the Th2 response
remains normal [59, 60] suggesting Th1l development is more reliant
on OX40 and its signals. This demonstrates the ability of OX40-0X40L
interactions to influence the local cytokine environment and hence the
nature of the T-helper cells produced. The role of OX40 on Th17 cells
is less clear. It has been shown to be involved in IL-17 and IL-23

cytokine production in both in vitro and in vivo models leading to the



differentiation and expansion of Th17 helper cells [54, 61]. However,
data also suggest that OX40 engagement antagonises Th17
development by inhibiting IL-17 production [55, 62]. Th17 cells have
been implicated in a number of autoimmune diseases such as
rheumatoid arthritis, inflammatory bowel disease and multiple
sclerosis because of their involvement in the inflammatory response
[63-66]. As OX40-0OX40L interactions are being investigated as a
potential point of therapeutic intervention in autoimmunity, it is
important that further work clarify its role on Th17 cells, particularly
with regards its potential to be disease- and inflammation-context
dependent.

The understanding of the role of OX40 on CD8 T cells has
lagged behind that of CD4 T cells mainly because initial studies using
0X40 KO mice challenged with virus suggested that OX40 had minimal
impact on the cytotoxic T lymphocyte (CTL) response [67, 68].
However, subsequent studies using TCR transgenic mice revealed that
CD8 T cells are also affected by OX40-OX40L interactions [12, 69].
The results observed were similar to that seen during the CD4
response i.e. in the absence of OX40, TCR transgenic CD8 T cells
showed defective expansion, decreased survival and poor memory
generation [12, 41, 69, 70].

Overall, the data indicate that OX40 signalling promotes robust
immune responses and therefore agonistic antibodies are a potential
therapeutic target for cancer whilst antagonistic antibodies may prove
useful in the treatment of autoimmune and inflammatory diseases.
One potential caveat to this simplistic approach is the complexity
relating to how OX40 is regulated on different T cell subsets; in

particular the role of OX40 in Treg development and function.

0X40 on Tregs
0OX40 is expressed constitutively on murine Tregs unlike naive T
cells. It has also been reported that OX40 is more highly expressed on

Tregs, particularly on those isolated from tumour sites [71-73].



Therefore, it is possible that antibody therapy may target these cells
preferentially, and so understanding how OX40 modulates Treg

biology is vital in directing how we use these reagents therapeutically.

Role of OX40 in Treg Development:

Initial studies in OX40 KO mice revealed a defect in Treg
development which was more apparent in young mice [74, 75]. The
frequency of thymic Tregs in the double positive (DP) population was
unaffected with the defect becoming more apparent at the single
positive (SP) stage, suggesting that lineage commitment is not
compromised in these mice but rather maintenance, survival or
proliferation is affected [74]. As thymocytes transition from the DP to
the SP stages, they undergo significant selection pressures with the
majority of DPs undergoing cell death either through “neglect” or
negative selection (reviewed in [76]). Both proliferative and mild
survival defects have been reported in OX40 KO mice [74, 75],
therefore it may be that at different stages of development these
processes contribute to the Treg defects that are observed.

The fact that the loss of Tregs in OX40 KO mice was more
apparent in younger mice and occurred in the absence of
autoimmunity suggests that any defect was subtle [75, 77]. This
conclusion was further supported by bone marrow chimera studies
which showed defects under competition settings with OX40-
competent wild-type cells whilst overexpression of mouse OX40L via
an OX40L transgene resulted in increased numbers of Tregs [74, 75,
78, 79]. It should be noted that there were experimental caveats to the
interpretation of the data in the OX40L overexpressing mice; with
strong OX40L expression observed on the Tregs in these mice and
undetectable levels on wild-type mice [75]. OX40 expression was also
reduced on the Tregs in these mice suggestive of a compensatory
effect in response to OX40L overexpression, which may have impacted
on subsequent development [75]. Later studies using OX40 KO Foxp3

GFP knock-in mice appeared to show little-no defect on Treg



development [80-82], although it was suggested that there may be a
defect in Treg homeostasis in this model which is context dependent
as there were reduced numbers of Tregs in non-lymphoid organs such
as the colonic lamina propria [81]. More recently the subtle role for
OX40 in Treg development was supported by data showing that
members of the TNFR family act cooperatively to produce the full Treg
repertoire [78]. Mahumd et al. used conditional KOs of GITR, TNFR2
and OX40 to show that individually these genes had limited impact on
the generation of Tregs but that the combination of all three TNFR KOs
resulted in significant inhibition of natural Treg (nTreg) development
[78]. In addition, it was shown that OX40 signalling altered
responsiveness of Tregs to IL-2 signalling, possibly via a
miR155/SOCS1-dependent mechanism [78]. This agrees with data
showing that OX40 KO T cells are defective in their response to IL-2
signalling despite normal levels of its receptor, IL-2R (CD25) [74, 79].
As IL-2 is required for Treg homeostasis, [83, 84] this is a possible
mechanism whereby OX40 contributes to the development of nTregs.
Thus taken together the majority of data supports a fairly minor, and
as yet ill-defined, role for OX40 in Treg development.

In contrast to the minor requirement for OX40 in nTreg
development, studies show that OX40 signalling may play a more
central role in the development of induced Tregs (iTregs). In vitro
models of Ag-induced or TGFB-mediated conversion of CD4 effector T
cells both show enhanced conversion of 0X40 KO cells and an
inhibition of conversion when agonistic OX40 antibody is included in
cultures containing WT effectors [80, 85, 86]. Furthermore, studies
with OX40L also show that OX40 signalling is detrimental to the
development of a range of iTregs [86-88]. However, in the OX40L Tg
mice, more effector memory cells were observed which were resistant
to conversion to Tregs by TGFB [86]. Likewise, a study using an OX40
agonistic antibody revealed an increase in the polarising cytokines IFNy
and IL-4 and that when these were neutralised, OX40 signalling

actually enhanced the development of iTregs [89]. These studies raise



the question as to whether OX40 signalling directly alters the ability of
iTregs to develop or whether it modifies the phenotype of the effector
population and/or cytokine milieu. In addition to altering the cytokine
environment and subsequent effects on the conversion of effectors
into iTregs, another possible mechanism by which OX40 signalling
inhibits iTreg development is through modulation of Foxp3
expression. Several groups have reported that OX40 signalling is
capable of downregulating Foxp3 expression [79, 80, 85]. However
studies in OX40 KO mice have shown no changes in Foxp3 expression
compared to wild-type mice suggesting that OX40 effects on Foxp3
expression are context dependent [74, 80]. One possible way OX40
could affect Foxp3 expression is through inducing alterations in the
binding of pSmad3 and Stat3 to the Foxp3 promoter [87, 90]. Another
possibility is indirectly through modulation of the cytokine
environment. For example, OX40 drives IL-4 and IFNy production
which could potentially synergize with APC-produced IL-6 to block
Foxp3 maintenance [41, 91]. OX40-mediated inhibition of iTreg
development has also been observed in an in vivo model of airway
tolerance [91]. Likewise, when a tolerising protocol was used to induce
Tregs in vivo, conversion was inhibited in OX40L Tg mice [80].

Similar to mouse studies, OX40 signalling has been shown to be
detrimental to the induction of human iTregs [92, 93]. Agonistic OX40
antibodies were shown to block both the generation of IL-10
producing regulatory cells as well as those induced by TGFp [92].

In summary, it appears that in mice at least, OX40 has a minor
role in the development of nTregs but that in both mice and humans a
more substantial, negative, influence on iTreg development is seen.
Differences in how OX40 regulates these Treg populations are perhaps
not surprising given the varied mechanisms/signalling pathways
involved in their generation and hence allow for the possibility that

OX40 could have divergent roles in each cell type.



Role of OX40 in regulating Treg function:

How OX40 regulates Treg function is also controversial and
complicated by the need to distinguish the effects on Tregs from
effector CD4s. OX40 KO Tregs display a mild defect in suppressive
capability in vitro and reduced capacity to suppress mast cell
degranulation [42, 75, 94]. Likewise in vivo, Tregs are shown to
require OX40 in order to fully suppress the induction of colitis in
adoptive transfer models [74, 81]. As with the initial controversy over
a role in Treg development, OX40 KO Tregs have subsequently been
shown to be fully functional [80]. Even where studies have attempted
to delineate effects on Tregs versus effector cells in in vitro
suppression assays there are conflicting results with the only apparent
difference being whether cells have been isolated from OX40 KO or
0X40 KO Foxp3 GFP knock-in mice [75, 80]. Furthermore, it is
possible that the requirement for OX40 on Tregs in the colitis model is
in part due to the lymphopenic environment the cells are transferred
into as homeostatic proliferation was found to be defective in OX40
KO Tregs [74, 75]. Nevertheless, studies where signalling is provided
by agonistic anti-OX40 mAb or OX40L overexpressing APCs have
consistently shown inhibition of Treg function both in vitro and in vivo
[73, 79, 80, 95].

There are several ways that OX40 signalling could alter the
functionality of Tregs. One possibility is that inducing their
proliferation can lead to loss of Treg suppressive activity under certain
conditions. However, it should be noted that Tregs in vivo are known
to proliferate extensively without losing their suppressive capacity
(reviewed in [96]). The use of agonist anti-OX40 antibody (OX86) or
APCs overexpressing OX40L resulted in clear proliferation and
expansion of the mouse Treg population both in vitro and in vivo,
however other studies using the OX86 antibody failed to induce Treg
proliferation [75, 79, 80, 97]. Furthermore, the combination of OX86
and IL-2 was shown to promote Treg expansion whilst maintaining

function, resulting in improved survival following transplantation of



fully mismatched heart allografts [79], further emphasising the context
dependent relationship between Treg expansion and function.

0OX40 signalling has been shown to be important for the survival
of effector T cells (reviewed in [4]) and this could also be true for
Tregs. In a depletion model used to induce tolerance, fewer CD4
effectors and Tregs survived in an OX40 KO background suggesting it
influences survival in both subsets [98]. However, this interpretation
may again be complicated by the fact that the model induces
lymphopenia with the caveats discussed above. Further evidence both
for and against the importance of OX40 in regulating apoptosis in
Tregs, has come from studies using OX40 KO Tregs [81, 97] and OX40
stimulation [80], respectively, indicating that its role in regulating
survival is context dependent.

In addition to regulation through OX40 signalling, in the context
of mAb mediated immunotherapy, another possible mechanism for
suppression of Treg functionality is through their mAb-mediated
depletion. Evidence for this mechanism are mixed. Although some
tumour studies report clear depletion of Tregs, the majority do not
[71-73, 75, 97]. Whether these discrepancies are simply a result of
differing levels of Tregs, varying amounts of OX40 on the Tregs, or
altered immune suppression in the different tumour models is

currently unclear.

Role of 0X40 on Human Treg function:

As with murine Tregs there are also conflicting data surrounding
the role of OX40 on human Tregs. A study looking at Tregs isolated
from chronic hepatitis C patients showed that OX40+ Tregs were more
suppressive than their OX40- counterparts and that additional OX40
signalling, provided by OX40L+ APCs, did not alter suppressive
function [93]. However, another group showed that anti-OX40
antibodies which induced strong CD4 effector and memory
proliferation, also potently blocked Treg mediated suppression [92]. In

this particular setting it was not possible to discern whether the



effects were on effector CD4s or Tregs and therefore whether one of
these was dominant. However, pre-pulsing Tregs with agonistic OX40
antibody did reduce suppressive capacity suggesting, as with the
majority of murine studies, that additional OX40 signalling is
detrimental to Treg function [92]. It should be noted that pre-pulsing
effectors in the same way also made them less sensitive to Treg
mediated suppression, again similar to results reported for murine
cells.

The anti-OX40 mAb discussed above induced proliferation of
both naive effectors and Tregs in a dose-dependent manner [92].
Likewise, the use of artificial APCs expressing OX40L or M2-like
monocytes and macrophages which had upregulated OX40L were
shown to be capable of expanding Tregs without a loss of suppressive
function [93, 99]. Thus, in these settings OX40 signalling may
ultimately improve Treg function through the expansion of Treg
numbers. However this may be offset depending on context, as akin to
murine Tregs, high doses of antibody reduced Treg viability via an

apparently apoptotic process [92].

0X40 as an immunotherapeutic target:

The information detailed above highlight the potential ways in
which OX40 might serve as an effective target for immunotherapy.
Modulating OX40 signalling and/or deleting different T cell subsets
has the potential to mediate both immune suppression for
autoimmunity and immune stimulation for anti-cancer therapeutics.
The OX40:0X40L interaction has been targeted in a wide range of
models of inflammation, cancer and autoimmunity where the
predominant effector population is T cells. However, it is important to
note, as discussed above, other cell populations also express OX40
and may have subtle but important roles in regulating any therapeutic

modalities.

0X40 in autoimmune and inflammatory diseases:



In an inflammatory or autoimmune environment the cells of the
immune system are typically hyperactive and/or misdirected towards
the tissues of the host. It has been shown in mouse models of EAE,
asthma, colitis, arthritis and GVHD that OX40 plays a role in the
exacerbation of disease and thus by blocking the OX40:0X40L
interaction, disease symptoms can be ameliorated [19, 38, 100-106],
through changes in CD4 effector functions. As discussed earlier, OX40
expression is highest on Tregs and CD4s and hence the fact that the
therapies exerted their effects on CD4s suggests that expression may

well be a determining factor as to which cells are targeted.

0X40 in cancer:

0X40 as a therapeutic agent has been investigated in a number
of preclinical tumour models; using both anti-OX40 mAbs and OX40L-
Fc fusion proteins. OX40 therapy has been shown to cause tumour
regression and delayed tumour growth mainly in immunogenic models
[3, 5,37, 38, 73, 106-109]. OX40 dependent anti-tumour immunity
required the expansion of CD8 and CD4 T cells, with a proportion of
mice showing evidence of strong memory responses sufficient to
provide resistance upon tumour re-challenge [108, 110]. As discussed
above, recent studies have showed that in certain models Treg
depletion is also an important component of OX40 therapy. In the
first-in—human clinical trial with an anti-human OX40 agonist
antibody promising results were seen, where 12 out of 30 patients
showed evidence of tumour regression after just one cycle of
treatment in a number of solid tumour types [111]. Nevertheless,
despite its promising results anti-OX40 monotherapy was insufficient
to treat all cancer types or all patients. However, further mouse model
studies using anti-OX40 in combination with other monoclonal
antibodies, chemotherapy and cytokines have all shown increased
therapeutic effects in comparison to monotherapies and thus provides

an encouraging direction for clinical development (Reviewed in [37]).



Clinical considerations:

In order to best augment the capabilities of anti-OX40
antibodies, their key mechanisms of action should be clearly
identified. On the basis of our current understanding, OX40 mAb have
the potential to deliver anti-cancer immunotherapy through the
following means: (Figure 3) direct stimulation of effector T cells (CD4
and CD8+); signalling inhibition of Tregs and deletion of Tregs; or a
combination of all 3. Many of the preclinical models that have shown a
therapeutic effect of anti-OX40 (reviewed in [37, 38, 106]) have used
the same antibody (OX86) and have implicated different mechanisms
including the potential for a dual capacity of improving effector
function at the same time as inhibiting Treg function. The principal
mechanism may in fact vary between different diseases, different
cancers and even different individuals and will vary depending on a
number of factors including expression profiles on the different T cell
subsets and the relative number/ratio of Treg: effectors.

Therefore, although initially, much of the data relating to OX40
may have been viewed as contradictory, it now seems likely that the
individual circumstances present within each model alters the nature
of responses observed. For example, given the high level of
heterogeneity of Treg infiltration and activity even within defined
tumour sub-types it seems likely that these requirements may even
vary on a patient by patient basis. This situation presents clear

challenges, not least with the selection of mAb format and isotype.

Selection of isotype:

The selection of isotype for a therapeutic mAb is critical as it
defines how the mAb will engage with the effector mechanisms of the
immune system [112-114](reviewed in [115-119]). Defined by the Fc
(Fragment crystallisable) portion of an antibody, the isotype is
responsible for dictating the strength of engagement of the IgG with

C1lq and also the Fcy receptors (FcyR) amongst other molecules [117].



Certain isotypes such as the murine IgG2a and human IgG1 are
optimal for engaging activatory FcyR and eliciting target mediated
deletion [113, 115, 120-122], whereas murine IgG1 and human IgG2
are sub-optimal and are typically more effective at precipitating the
receptor clustering required to drive TNFR signalling. In the case of
murine IgG1 this is largely by engaging the inhibitory FcyRIlb, which
provides enhanced crosslinking of the antibody:receptor complexes
[114, 122-125]. For human IgG2 by contrast, this appears to be at
least partially independent of FcyR and relates to the particular
properties of the IgG2 hinge [115, 126]. As a result, deletion of Tregs
would be favoured by hlgG1, whereas hlgG2 may favour agonistic
responses. It remains to be seen whether a single antibody format can
deliver both of these activities. Bulliard et al showed that the OX40
antibody OX86 (a rat IgG1) required the activatory FcyR receptors for
therapeutic benefit [71]. As expected, the migG2a isotype showed
greater depleting capacity, resulting in an increased CD8:Treg ratio
compared with the rat IgG1 agreeing with recent suggestions that the
correct selection of isotype will improve therapeutic effects. Several Fc
engineering approaches have recently been shown to augment the
anti-tumour activities of TNFR antibodies by altering their interaction
with FcyR, and specifically FcyRIlb [127]. Zhang et al demonstrated that
a number of different point mutations (previously described [127,
128]) enhanced binding of humanised anti-OX40 antibodies to FcyRllb,
increasing FcyRIlb crosslinking mediated agonistic activity, as well as
altering effector functions in an isotype dependent manner [129].

However, selection of antibody isotype only has any relevance if
the required FcyRs are present. With respect to oncology different
tumours have different microenvironments and infiltrates which will
influence the FcyR availability. Hence a strategy based on Treg
depletion via a hlgG1 may have limited effect in some tumours due to
a lack of appropriate FcyRs. Likewise, the tumour location and even the
route of administration will likely alter the FcyRs an antibody may

encounter and hence the overall outcome. It was notable that in some



of the tumour models reporting Treg depletion with an OX40 antibody,
the antibody was administered intratumourally resulting in local
immunomodulation that proved to be more therapeutically beneficial
than systemic administration [72].

To date, the most impressive therapeutic benefits seen with
0X40 have involved combination therapy. Hence, another important
consideration will be what is combined and in these combinations
which isotypes are employed.

Thus, the future for OX40 therapy may be bright, but there are
still several questions which remain to be answered. What is the key
effector mechanism in vivo in humans? Does this vary with disease and
individual? Is it possible to develop an antibody capable of deleting
one cell subset whilst expanding another? It may well be that these
answers lie in further dissecting tumour microenvironments and FcyR
interactions. Once these are better understood the possibility of mAb
engineering is available to provide tailored medicine for particular

disease settings and individual patients.

Declaration of interest
M.S.C is a retained consultant for Bioinvent International and has
performed educational and advisory roles for Baxalta. He has received

research funding from Bioinvent International, Roche, Gilead and GSK.

Acknowledgements/Funding:
This research did not receive any specific grant from funding agencies

in the public, commercial, or not-for-profit sectors.



References

10.

11.

12.

13.

14.

15.

16.

17.

Croft, M., The role of TNF superfamily members in T-cell
function and diseases. Nat Rev Immunol, 2009. 9(4): p. 271-85.
Sedger, L.M. and M.F. McDermott, TNF and TNF-receptors: From
mediators of cell death and inflammation to therapeutic giants -
past, present and future. Cytokine Growth Factor Rev, 2014.
25(4): p. 453-72.

Redmond, W.L., C.E. Ruby, and A.D. Weinberg, The role of OX40-
mediated co-stimulation in T-cell activation and survival. Crit Rev
Immunol, 2009. 29(3): p. 187-201.

Croft, M., Control of immunity by the TNFR-related molecule
OX40 (CD134). Annu Rev Immunol, 2010. 28: p. 57-78.

Jensen, S.M., et al., Signaling through OX40 enhances antitumor
immunity. Semin Oncol, 2010. 37(5): p. 524-32.

Baumann, R., et al., Functional expression of CD134 by
neutrophils. Eur J Immunol, 2004. 34(8): p. 2268-75.

Zaini, J., et al., OX40 ligand expressed by DCs costimulates NKT
and CD4+ Th cell antitumor immunity in mice. ) Clin Invest,
2007. 117(11): p. 3330-8.

Liu, C., et al., Plasmacytoid dendritic cells induce NK cell-
dependent, tumor antigen-specific T cell cross-priming and
tumor regression in mice. ) Clin Invest, 2008. 118(3): p. 1165-
75.

Gramaglia, I., et al., The OX40 costimulatory receptor
determines the development of CD4 memory by regulating
primary clonal expansion. ) Immunol, 2000. 165(6): p. 3043-50.
Gramaglia, I., et al., Ox-40 ligand: a potent costimulatory
molecule for sustaining primary CD4 T cell responses. )
Immunol, 1998. 161(12): p. 6510-7.

Rogers, P.R., et al., OX40 promotes Bcl-xL and Bcl-2 expression
and is essential for long-term survival of CD4 T cells. Immunity,
2001. 15(3): p. 445-55.

Bansal-Pakala, P., et al., Costimulation of CD8 T cell responses
by OX40. ) Immunol, 2004. 172(8): p. 4821-5.

Dubey, C., M. Croft, and S.L. Swain, Naive and effector CD4 T
cells differ in their requirements for T cell receptor versus
costimulatory signals. ) Immunol, 1996. 157(8): p. 3280-9.

Ito, T., et al., TSLP-activated dendritic cells induce an
inflammatory T helper type 2 cell response through OX40
ligand. ) Exp Med, 2005. 202(9): p. 1213-23.

Murata, K., et al., Impairment of antigen-presenting cell function
in mice lacking expression of OX40 ligand. ) Exp Med, 2000.
191(2): p. 365-74.

Croft, M., Costimulation of T cells by OX40, 4-1BB, and CD27.
Cytokine Growth Factor Rev, 2003. 14(3-4): p. 265-73.

Stuber, E., et al., Cross-linking of OX40 ligand, a member of the
TNF/NGF cytokine family, induces proliferation and



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

differentiation in murine splenic B cells. Immunity, 1995. 2(5): p.
507-21.

Ohshima, Y., et al., Expression and function of OX40 ligand on
human dendritic cells. ] Immunol, 1997. 159(8): p. 3838-48.
Weinberg, A.D., et al., Blocking OX-40/0X-40 ligand interaction
in vitro and in vivo leads to decreased T cell function and
amelioration of experimental allergic encephalomyelitis. )
Immunol, 1999. 162(3): p. 1818-26.

Kashiwakura, J., et al., T cell proliferation by direct cross-talk
between OX40 ligand on human mast cells and OX40 on human
T cells: comparison of gene expression profiles between human
tonsillar and lung-cultured mast cells. ) Immunol, 2004. 173(8):
p. 5247-57.

Zingoni, A., et al., Cross-talk between activated human NK cells
and CD4+ T cells via OX40-OX40 ligand interactions. ) Immunol,
2004. 173(6): p. 3716-24.

Burgess, J.K., et al., Detection and characterization of OX40
ligand expression in human airway smooth muscle cells: a
possible role in asthma? ) Allergy Clin Immunol, 2004. 113(4): p.
683-9.

Imura, A., et al., The human OX40/gp34 system directly
mediates adhesion of activated T cells to vascular endothelial
cells. ) Exp Med, 1996. 183(5): p. 2185-95.

Compaan, D.M. and S.G. Hymowitz, The crystal structure of the
costimulatory OX40-OX40L complex. Structure, 2006. 14(8): p.
1321-30.

Mallett, S., S. Fossum, and A.N. Barclay, Characterization of the
MRC OX40 antigen of activated CD4 positive T lymphocytes--a
molecule related to nerve growth factor receptor. EMBO J, 1990.
9(4): p. 1063-8.

Byun, M., et al., Inherited human OX40 deficiency underlying
classic Kaposi sarcoma of childhood. ) Exp Med, 2013. 210(9): p.
1743-59.

Banner, D.W., et al., Crystal structure of the soluble human 55
kd TNF receptor-human TNF beta complex: implications for TNF
receptor activation. Cell, 1993. 73(3): p. 431-45.

Hymowitz, S.G., et al., Triggering cell death: the crystal
structure of Apo2L/TRAIL in a complex with death receptor 5.
Mol Cell, 1999. 4(4): p. 563-71.

Mongkolsapaya, J., et al., Structure of the TRAIL-DR5 complex
reveals mechanisms conferring specificity in apoptotic initiation.
Nat Struct Biol, 1999. 6(11): p. 1048-53.

Bodmer, J.L., P. Schneider, and J. Tschopp, The molecular
architecture of the TNF superfamily. Trends Biochem Sci, 2002.
27(1): p. 19-26.

Naismith, J.H. and S.R. Sprang, Modularity in the TNF-receptor
family. Trends Biochem Sci, 1998. 23(2): p. 74-9.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Yamniuk, A.P., et al., Functional Antagonism of Human CD40
Achieved by Targeting a Unique Species-Specific Epitope. ] Mol
Biol, 2016. 428(14): p. 2860-79.

Godfrey, W.R., et al., Identification of a human OX-40 ligand, a
costimulator of CD4+ T cells with homology to tumor necrosis
factor. ) Exp Med, 1994. 180(2): p. 757-62.

van der Merwe, P.A., et al., Topology of the CD2-CD48 cell-
adhesion molecule complex: implications for antigen recognition
by T cells. Curr Biol, 1995. 5(1): p. 74-84.

Davis, S.J. and P.A. van der Merwe, The kinetic-segregation
model: TCR triggering and beyond. Nat Immunol, 2006. 7(8): p.
803-9.

Schwartz, J.C., et al., Structural mechanisms of costimulation.
Nat Immunol, 2002. 3(5): p. 427-34.

Linch, S.N., M.J. McNamara, and W.L. Redmond, OX40 Agonists
and Combination Immunotherapy: Putting the Pedal to the
Metal. Front Oncol, 2015. 5: p. 34.

Weinberg, A.D., et al., Science gone translational: the OX40
agonist story. Immunol Rev, 2011. 244(1): p. 218-31.

Muller, N., et al., Activity of soluble OX40 ligand is enhanced by
oligomerization and cell surface immobilization. FEBS J, 2008.
275(9): p. 2296-304.

Salah-Eddine, L.C., Y. Zhengbin, and S. Sanjaya, Antagonist 0x40
antibodies and their use in the treatment of inflammatory and
autoimmune diseases. 2010, Google Patents.

Croft, M., et al., The significance of OX40 and OX40L to T-cell
biology and immune disease. Immunol Rev, 2009. 229(1): p.
173-91.

Watts, T.H., TNF/TNFR family members in costimulation of T cell
responses. Annu Rev Immunol, 2005. 23: p. 23-68.

Arch, R.H. and C.B. Thompson, 4-1BB and Ox40 are members of
a tumor necrosis factor (TNF)-nerve growth factor receptor
subfamily that bind TNF receptor-associated factors and activate
nuclear factor kappaB. Mol Cell Biol, 1998. 18(1): p. 558-65.
Kawamata, S., et al., Activation of OX40 signal transduction
pathways leads to tumor necrosis factor receptor-associated
factor (TRAF) 2- and TRAF5-mediated NF-kappaB activation. )
Biol Chem, 1998. 273(10): p. 5808-14.

Song, J., T. So, and M. Croft, Activation of NF-kappaB1 by OX40
contributes to antigen-driven T cell expansion and survival. )
Immunol, 2008. 180(11): p. 7240-8.

Song, J., et al., The costimulation-regulated duration of PKB
activation controls T cell longevity. Nat Immunol, 2004. 5(2): p.
150-8.

Song, J., et al., Sustained survivin expression from OX40
costimulatory signals drives T cell clonal expansion. Immunity,
2005. 22(5): p. 621-31.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Song, J., et al., The kinases aurora B and mTOR regulate the GI-
S cell cycle progression of T lymphocytes. Nat Immunol, 2007.
8(1): p. 64-73.

So, T., et al., Signals from OX40 regulate nuclear factor of
activated T cells c1 and T cell helper 2 lineage commitment. Proc
Natl Acad Sci U S A, 2006. 103(10): p. 3740-5.

Paterson, D.J., et al., Antigens of activated rat T lymphocytes
including a molecule of 50,000 Mr detected only on CD4 positive
T blasts. Mol Immunol, 1987. 24(12): p. 1281-90.

Baum, P.R., et al., Molecular characterization of murine and
human OX40/0X40 ligand systems: identification of a human
OX40 ligand as the HTLV-1-regulated protein gp34. EMBO ],
1994. 13(17): p. 3992-4001.

Maxwell, J.R., et al., Danger and OX40 receptor signaling
synergize to enhance memory T cell survival by inhibiting
peripheral deletion. ) Immunol, 2000. 164(1): p. 107-12.
Salek-Ardakani, S., et al., OX40 (CDI34) controls memory T
helper 2 cells that drive lung inflammation. ) Exp Med, 2003.
198(2): p. 315-24.

Zhang, Z., et al., Activation of OX40 augments Thl7 cytokine
expression and antigen-specific uveitis. Am J Pathol, 2010.
177(6): p. 2912-20.

Xiao, X., et al., The Costimulatory Receptor OX40 Inhibits
Interleukin-17 Expression through Activation of Repressive
Chromatin Remodeling Pathways. Immunity, 2016.

Flynn, S., et al., CD4 T cell cytokine differentiation: the B cell
activation molecule, OX40 ligand, instructs CD4 T cells to
express interleukin 4 and upregulates expression of the
chemokine receptor, Blr-1. ) Exp Med, 1998. 188(2): p. 297-304.
Rogers, P.R. and M. Croft, CD28, Ox-40, LFA-1, and CD4
modulation of Th1/ThZ2 differentiation is directly dependent on
the dose of antigen. ) Immunol, 2000. 164(6): p. 2955-63.

Ito, T., et al., Plasmacytoid dendritic cells regulate Th cell
responses through OX40 ligand and type | IFNs. ) Immunol,
2004. 172(7): p. 4253-9.

Jember, A.G., et al., Development of allergic inflammation in a
murine model of asthma is dependent on the costimulatory
receptor OX40. ) Exp Med, 2001. 193(3): p. 387-92.

Hoshino, A., et al., Critical role for OX40 ligand in the
development of pathogenic Th2 cells in a murine model of
asthma. Eur ) Immunol, 2003. 33(4): p. 861-9.

Nakae, S., et al., IL-17 production from activated T cells is
required for the spontaneous development of destructive
arthritis in mice deficient in IL-1 receptor antagonist. Proc Natl
Acad Sci US A, 2003. 100(10): p. 5986-90.

Li, J., et al., Negative regulation of IL-17 production by
OX40/0X40L interaction. Cell Immunol, 2008. 253(1-2): p. 31-
7.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

/4.

/5.

76.

/7.

/8.

Ouyang, W., J.K. Kolls, and Y. Zheng, The biological functions of
T helper 17 cell effector cytokines in inflammation. Immunity,
2008. 28(4): p. 454-67.

Tesmer, L.A., et al., Thi17 cells in human disease. Immunol Rev,
2008. 223: p. 87-113.

Abraham, C. and J. Cho, Interleukin-23/Th17 pathways and
inflammatory bowel disease. Inflamm Bowel Dis, 2009. 15(7): p.
1090-100.

Yen, D., et al., IL-23 is essential for T cell-mediated colitis and
promotes inflammation via IL-17 and IL-6. ) Clin Invest, 2006.
116(5): p. 1310-6.

Kopf, M., et al., OX40-deficient mice are defective in Th cell
proliferation but are competent in generating B cell and CTL
Responses after virus infection. Immunity, 1999. 11(6): p. 699-
708.

Dawicki, W., et al., 4-1BB and OX40 act independently to
facilitate robust CD8 and CD4 recall responses. ) Immunol,
2004. 173(10): p. 5944-51.

Lee, S.W., et al., Functional dichotomy between OX40 and 4-1BB
in modulating effector CD8 T cell responses. ) Immunol, 2006.
177(7): p. 4464-72.

Fujita, T., et al., Functional characterization of OX40 expressed
on human CD8+ T cells. Immunol Lett, 2006. 106(1): p. 27-33.
Bulliard, Y., et al., OX40 engagement depletes intratumoral
Tregs via activating FcgammaRs, leading to antitumor efficacy.
Immunol Cell Biol, 2014. 92(6): p. 475-80.

Marabelle, A., et al., Depleting tumor-specific Tregs at a single
site eradicates disseminated tumors. ) Clin Invest, 2013. 123(6):
p. 2447-63.

Piconese, S., B. Valzasina, and M.P. Colombo, OX40 triggering
blocks suppression by requlatory T cells and facilitates tumor
rejection. ) Exp Med, 2008. 205(4): p. 825-309.

Piconese, S., et al., A non-redundant role for OX40 in the
competitive fitness of Treg in response to IL-2. Eur ] Immunol,
2010. 40(10): p. 2902-13.

Takeda, I., et al., Distinct roles for the OX40-OX40 ligand
interaction in regulatory and nonregulatory T cells. ) Immunol,
2004. 172(6): p. 3580-9.

Amsen, D. and A.M. Kruisbeek, Thymocyte selection: not by TCR
alone. Immunol Rev, 1998. 165: p. 209-29.

Pippig, S.D., et al., Robust B cell immunity but impaired T cell
proliferation in the absence of CD134 (OX40). ) Immunol, 1999.
163(12): p. 6520-9.

Mahmud, S.A., et al., Costimulation via the tumor-necrosis factor
receptor superfamily couples TCR signal strength to the thymic
differentiation of regulatory T cells. Nat Immunol, 2014. 15(5):
p. 473-81.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Xiao, X., et al., New insights on OX40 in the control of T cell
immunity and immune tolerance in vivo. ) Immunol, 2012.
188(2): p. 892-901.

Vu, M.D., et al., OX40 costimulation turns off Foxp3+ Tregs.
Blood, 2007. 110(7): p. 2501-10.

Griseri, T., et al., OX40 is required for regulatory T cell-mediated
control of colitis. ) Exp Med, 2010. 207(4): p. 699-7009.

Tang, Q., et al., Cutting edge: CD28 controls peripheral
homeostasis of CD4+CD25+ regulatory T cells. ] Immunol, 2003.
171(7): p. 3348-52.

Fontenot, J.D., et al., A function for interleukin 2 in Foxp3-
expressing regulatory T cells. Nat Immunol, 2005. 6(11): p.
1142-51.

Sakaguchi, S., Naturally arising CD4+ regulatory t cells for
immunologic self-tolerance and negative control of immune
responses. Annu Rev Immunol, 2004. 22: p. 531-62.

So, T. and M. Croft, Cutting edge: OX40 inhibits TGF-beta- and
antigen-driven conversion of naive CD4 T cells into
CD25+Foxp3+ T cells. ) Immunol, 2007. 179(3): p. 1427-30.
Xiao, X., et al., OX40/0X40L costimulation affects induction of
Foxp3+ regulatory T cells in part by expanding memory T cells
in vivo. ) Immunol, 2008. 181(5): p. 3193-201.

Lu, Y., et al., p38 MAPK-inhibited dendritic cells induce superior
antitumour immune responses and overcome regulatory T-cell-
mediated immunosuppression. Nat Commun, 2014. 5: p. 4229.
Ito, T., et al., OX40 ligand shuts down IL-10-producing
regulatory T cells. Proc Natl Acad Sci U S A, 2006. 103(35): p.
13138-43.

Ruby, C.E., et al., Cutting Edge: OX40 agonists can drive
regulatory T cell expansion if the cytokine milieu is right. )
Immunol, 2009. 183(8): p. 4853-7.

Xu, L., et al., Positive and negative transcriptional regulation of
the Foxp3 gene is mediated by access and binding of the Smad3
protein to enhancer |. Immunity, 2010. 33(3): p. 313-25.

Duan, W., T. So, and M. Croft, Antagonism of airway tolerance
by endotoxin/lipopolysaccharide through promoting OX40L and
suppressing antigen-specific Foxp3+ T regulatory cells. )
Immunol, 2008. 181(12): p. 8650-9.

Voo, K.S., et al., Antibodies targeting human OX40 expand
effector T cells and block inducible and natural regulatory T cell
function. | Immunol, 2013. 191(7): p. 3641-50.

Piconese, S., et al., Human OX40 tunes the function of
regulatory T cells in tumor and nontumor areas of hepatitis C
virus-infected liver tissue. Hepatology, 2014. 60(5): p. 1494-
507.

Gri, G., et al., CD4+CD25+ regulatory T cells suppress mast cell
degranulation and allergic responses through OX40-OX40L
interaction. Immunity, 2008. 29(5): p. 771-81.



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Valzasina, B., et al., Triggering of OX40 (CD134) on
CD4(+)CD25+ T cells blocks their inhibitory activity: a novel
regulatory role for OX40 and its comparison with GITR. Blood,
2005. 105(7): p. 2845-51.

Walker, L.S., CD4+ CD25+ Treg: divide and rule? Immunology,
2004. 111(2): p. 129-37.

Hirschhorn-Cymerman, D., et al., OX40 engagement and
chemotherapy combination provides potent antitumor immunity
with concomitant regulatory T cell apoptosis. ) Exp Med, 2009.
206(5): p. 1103-16.

Kroemer, A., et al., OX40 controls functionally different T cell
subsets and their resistance to depletion therapy. ) Immunol,
2007. 179(8): p. 5584-91.

Hippen, K.L., et al., Umbilical cord blood regulatory T-cell
expansion and functional effects of tumor necrosis factor
receptor family members OX40 and 4-1BB expressed on artificial
antigen-presenting cells. Blood, 2008. 112(7): p. 2847-57.
Higgins, L.M., et al., Regulation of T cell activation in vitro and in
vivo by targeting the OX40-OX40 ligand interaction:
amelioration of ongoing inflammatory bowel disease with an
OX40-1gG fusion protein, but not with an OX40 ligand-lgG fusion
protein. ] Immunol, 1999. 162(1): p. 486-93.

Yoshioka, T., et al., Contribution of OX40/0X40 ligand
interaction to the pathogenesis of rheumatoid arthritis. Eur ]
Immunol, 2000. 30(10): p. 2815-23.

Arestides, R.S., et al., Costimulatory molecule OX40L is critical
for both Th1 and Th2 responses in allergic inflammation. Eur )
Immunol, 2002. 32(10): p. 2874-80.

Blazar, B.R., et al., Ligation of OX40 (CDI134) regulates graft-
versus-host disease (GVHD) and graft rejection in allogeneic
bone marrow transplant recipients. Blood, 2003. 101(9): p.
3741-8.

Carboni, S., et al., CD134 plays a crucial role in the pathogenesis
of EAE and is upregulated in the CNS of patients with multiple
sclerosis. ) Neuroimmunol, 2003. 145(1-2): p. 1-11.

Nohara, C., et al., Amelioration of experimental autoimmune
encephalomyelitis with anti-OX40 ligand monoclonal antibody: a
critical role for OX40 ligand in migration, but not development,
of pathogenic T cells. ) Immunol, 2001. 166(3): p. 2108-15.
Sugamura, K., N. Ishii, and A.D. Weinberg, Therapeutic targeting
of the effector T-cell co-stimulatory molecule OX40. Nat Rev
Immunol, 2004. 4(6): p. 420-31.

Ali, S.A., et al., Anti-tumour therapeutic efficacy of OX40L in
murine tumour model. Vaccine, 2004. 22(27-28): p. 3585-94.
Gough, M.J., et al., Adjuvant therapy with agonistic antibodies to
CD134 (OX40) increases local control after surgical or radiation
therapy of cancer in mice. ) Immunother, 2010. 33(8): p. 798-
809.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Morris, A., et al., Induction of anti-mammary cancer immunity
by engaging the OX-40 receptor in vivo. Breast Cancer Res Treat,
2001. 67(1): p. 71-80.

Song, A., et al., Cooperation between CD4 and CD8 T cells for
anti-tumor activity is enhanced by OX40 signals. Eur J Immunol,
2007. 37(5): p. 1224-32.

Curti, B.D., et al., OX40 is a potent immune-stimulating target in
late-stage cancer patients. Cancer Res, 2013. 73(24): p. 7189-
98.

Simpson, T.R., et al., Fc-dependent depletion of tumor-infiltrating
regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy
against melanoma. ) Exp Med, 2013. 210(9): p. 1695-710.
Minard-Colin, V., et al., Lymphoma depletion during CD20
immunotherapy in mice is mediated by macrophage FcgammaRl,
FcgammaRlll, and FcgammaRIV. Blood, 2008. 112(4): p. 1205-
13.

White, A.L., et al., Interaction with FcgammaRlIIB is critical for
the agonistic activity of anti-CD40 monoclonal antibody. )
Immunol, 2011. 187(4): p. 1754-63.

Beers, S.A., M.J. Glennie, and A.L. White, Influence of
immunoglobulin isotype on therapeutic antibody function. Blood,
2016. 127(9): p. 1097-101.

Brezski, RJ. and G. Georgiou, Immunoglobulin isotype knowledge
and application to Fc engineering. Curr Opin Immunol, 2016. 40:
p. 62-9.

Vidarsson, G., G. Dekkers, and T. Rispens, IgG subclasses and
allotypes: from structure to effector functions. Front Immunol,
2014. 5: p. 520.

Bauman, J.E. and R.L. Ferris, Integrating novel therapeutic
monoclonal antibodies into the management of head and neck
cancer. Cancer, 2014. 120(5): p. 624-32.

Salfeld, J.G., Isotype selection in antibody engineering. Nat
Biotechnol, 2007. 25(12): p. 1369-72.

Bulliard, Y., et al., Activating Fc gamma receptors contribute to
the antitumor activities of immunoregulatory receptor-targeting
antibodies. ) Exp Med, 2013. 210(9): p. 1685-93.

Romano, E., et al., Ipilimumab-dependent cell-mediated
cytotoxicity of regulatory T cells ex vivo by nonclassical
monocytes in melanoma patients. Proc Natl Acad Sci U S A,
2015. 112(19): p. 6140-5.

Li, F. and J.V. Ravetch, Inhibitory Fcgamma receptor engagement
drives adjuvant and anti-tumor activities of agonistic CD40
antibodies. Science, 2011. 333(6045): p. 1030-4.

White, A.L., S.A. Beers, and M.S. Cragg, FcgammaRIIB as a key
determinant of agonistic antibody efficacy. Curr Top Microbiol
Immunol, 2014. 382: p. 355-72.

Li, F. and J.V. Ravetch, Antitumor activities of agonistic anti-
TNFR antibodies require differential FcgammaRIIB coengagement
in vivo. Proc Natl Acad Sci US A, 2013. 110(48): p. 19501-6.



125.

126.

127.

128.

129.

White, A.L., et al., Fcgamma receptor dependency of agonistic
CD40 antibody in lymphoma therapy can be overcome through
antibody multimerization. ) Immunol, 2014. 193(4): p. 1828-35.
White, A.L., et al., Conformation of the human immunoglobulin
G2 hinge imparts superagonistic properties to
immunostimulatory anticancer antibodies. Cancer Cell, 2015.
27(1): p. 138-48.

Mimoto, F., et al., Engineered antibody Fc variant with selectively
enhanced FcgammaRlIlb binding over both FcgammaRIla(R131)
and FcgammaRlla(H131). Protein Eng Des Sel, 2013. 26(10): p.
589-98.

Chu, S.Y., et al., Inhibition of B cell receptor-mediated activation
of primary human B cells by coengagement of CD19 and
FcgammaRllb with Fc-engineered antibodies. Mol Immunol,
2008. 45(15): p. 3926-33.

Zhang, D., M.V. Goldberg, and M.L. Chiu, Fc Engineering
Approaches to Enhance the Agonism and Effector Functions of
an Anti-OX40 Antibody. ) Biol Chem, 2016. 291(53): p. 27134-
27146.



Figure Legends:

Figure 1. Structural comparison of 0X40:0X40L with other TNFRSF
members. A) hOX40 (PDB:2HEV) displayed as a molecular surface with
CRD1, CRD2, CRD3 and CRD4 coloured yellow, orange, magenta and
red, respectively. The sequence alignment of the four individual CRD’s
of hOX40 are displayed in comparison to a typical A1-B2 module and
illustrates the specific module formation in each domain. A1 modules
are shown in blue, B2 modules in orange and B1 modules in green.
Disulfide connectivity is indicated by lines above the sequence and
labelled S-S bridges. B) Superposition of hOX40 (red) and TNFR1
(PDB:1TNR) (blue) showing the similarities in structural arrangement of
domains CRD1 and CRD2, as well as the flexibility in the CRD3 and
CRD4 domains (CRD3 and CRD4 are boxed). C) Comparison of trimer
formation between hOX40-0X40L and hCD40-CD40L (PDB:3QD6).
Ligand is shown in green and receptor in blue. The black dot
represents the trimer axis and the dashed lines the angle between
each monomer from this axis. The trimer is orientated such that the
trimer is viewed from the point of the ligand-expressing cell
membrane. D) hOX40-0X40L interaction. Molecules are shown as a
mesh surface with CRD domains coloured as in Figure 1a. OX40L is in
green. The arrow represents the spanning distance of the OX40-
OX40L complex (80A). The monomer is orientated such that the
ligand-expressing and receptor-expressing cell membranes are at the

top and bottom, respectively.

Figure 2. Mechanisms of OX40 activation and the downstream
signalling effects. A) Potential mechanisms of engagement of OX40
by OX40L and monoclonal antibodies (mAbs). i) Bivalent mAb binding
with monomeric OX40. ii Bivalent mAb binding with pre-clustered
OX40. iii) OX40L-assisted mAb-mediated signalling. iv) Fc gamma
receptor (FcyR)-assisted mAb signalling (which would be dependent

upon the isotype and specific FcyR). B) Known signalling pathways



downstream of OX40. OX40-0X40L interactions are able to directly
activate the NF-kB signalling pathway as well as augmenting signalling
pathways downstream of the TCR, for example PI3K/PKB and NFAT.
These signalling pathways result in effects linked to sustained survival

and increased proliferation as well as cytokine release.

Figure 3. Potential modes of action of anti-hOX40 mAbs as cancer
immunotherapeutics. Current understanding provides evidence for 3
mechanisms of action; 1) direct stimulation of effector T cells (CD4
and CD8+) using an agonist mAb causing enhanced proliferation and
survival; 2) signalling inhibition of Tregs provided by an agonist mAb
resulting in reduced suppressive function, and lastly; 3) deletion of
Tregs with a deleting mAb causing a reduced suppression of effector
cells. Combination of all 3 mechanisms acting synergistically may also

be possible.
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